Abstract-We report on a novel fiber based coherent detection system employing a double-pass fiber preamplifier, a spectral bandpass filter, and a time-domain filter. The time-domain filter, a synchronous time gate, reduces the in-band amplified spontaneous emission (ASE) beat noise, which cannot be achieved by the spectral bandpass filter alone. The double-pass fiber amplifier further reduces the out-band ASE by about 20 dB with a fiber Bragg grating (FBG) at the end of the fiber amplifier. In preliminary experiments with a 100 GHz bandpass filter, no degradation is observed from the optically preamplified coherent detection compared to pure coherent detection. With a 10 ns pulse width, 500 kHz repetition rate, and 10 pW average input power, about 2 dB and 1 dB signal-to-noise ratio (SNR) improvements are achieved when 5% and 50% time gating duty cycles are used, respectively.
I. INTRODUCTION
T HE sensitivity of signal detection is of major interest for optical high speed communication systems and LIght Detection And Ranging (lidar) systems. Sensitive receivers in fiber-optical networks can reduce transmitter power or amplifier amplification requirements and extend link spans. High receiver sensitivity allows links to be established over long distances in deep space satellite communication systems and large atmospheric attenuation to be overcome in terrestrial free space communications. For lidar systems, the sensitivity of signal detection determines how far and how accurately the lidar can detect remote objects.
Optical receivers employ either coherent or direct detection. In addition to amplitude, coherent detection extracts frequency and phase information from received signals, whereas direct detection extracts the received pulse amplitude only. Theory and previous experiments suggest that coherent detection should yield higher receiver sensitivity than direct detection [1] , [2] . Another approach to improve detection sensitivity is to employ a fiber preamplifier. This technique has been successfully demonstrated in direct detection systems [3] - [6] , but not in coherent detection systems. Due to the existence of amplified spontaneous emission (ASE) inside the amplifier, the sensitivity of coherent detection is degraded when the system operates close to the shot noise limited condition [7] . For this reason, fiber based optically preamplified coherent detection is not used in applications as commonly as direct detection. However, if a coherent system is difficult to operate under a shot noise limited condition, the use of an optical amplifier with low noise figure in terms of a preamplifier will effectively improve the performance of the receiver. This situation has been investigated in [8] for a continuous phase frequency shift keying (CPFSK) system. The sensitivity assessment is also discussed in [9] for the application of an erbium doped fiber amplifier (EDFA) in a coherent receiver using pulse position modulation (PPM). The paper demonstrated significant improvement by using an optical preamplifier when the system operates under a thermal noise dominant condition.
In this paper, 1 we report on a new architecture for a coherent detection system, which employs a double-pass fiber preamplifier and a time-domain filter (TDF). The TDF was used successfully in a fiber preamplified direct detection system in [6] . The main motivation for this research arises from the need for highly sensitive detection in lidar applications. The TDF is especially effective in pulsed coherent lidar systems, in which the signal has a relatively low duty cycle. To the best of our knowledge, the present paper is the first to evaluate the performance of a double-pass preamplified coherent detection system. Previous papers (cf. [11] - [15] ) study the amplification properties of the double-pass EDFA, but they do not provide a system performance evaluation. The experimental investigation presented in this paper has been made possible by the recent availability of the polarization-maintaining (PM) fiber Bragg grating (FBG) and the PM circulator.
We first describe the system architecture design and provide a theoretical noise analysis. Then, we present simulation results for the performance of the double-pass fiber preamplifier. Next, we present our experimental results, including results for direct detection, and coherent detection with and without the timedomain filter. Discussions and conclusions are given in the final section.
II. OPTICAL PREAMPLIFIED COHERENT DETECTION SYSTEM

A. Principle of the Coherent Detection System
A schematic diagram of the optical preamplified coherent detection system extended by using time domain and frequency domain filters is shown in Fig. 1 . The optical signals processed at different stages in the time and frequency domains are shown in Figs. 2 and 3 , respectively.
The input optical pulse trains are amplified when the pulses pass through the active optical preamplifier. Meanwhile, these amplified optical pulses are also corrupted by ASE. The ASE added to the pulses will degrade the optical signal-to-noise ratio (SNR) of the detection system [see Figs The length of the time window can be varied according to the needs of the application. The time-domain filter combined with the narrowband spectrum filter can significantly reduce the negative effects caused by ASE on coherent detection performance [see Fig. 3(e) ].
B. Noise Analysis
As shown in Fig. 1 , when an arbitrary, complex, optical field is preamplified by a low noise amplifier with small signal gain of , the preamplified signal will be additionally corrupted by ASE. Since the ASE is treated as an additive Gaussian process , after amplification, the optical field becomes
The preamplified optical field is spectrally filtered by an optical bandpass filter with impulse response function . The filtered optical field becomes
Then, the optical field is temporally filtered by the TDF with a periodic function , where is the period. To simplify the analysis, the TDF function can be written as (3) where is the gate width. The TDF filtered field becomes a cyclostationary process . Upon reaching this point, the optical field mixes with the local oscillator field at the photodetector. The optical field can be further written as (4) According to the square law, the detected signal current after the electrical filter is given by [16] ( 5) where denotes the overall optoelectronic conversion factor of the detection system; is the electrical transfer function of the photodetector, electrical amplifier, and electrical bandpass filter. Applying (4) into (5), we have (6) where represents the input signal power after the optical filter, is the average ASE power after filtering with optical bandwidth , and is the local oscillation power. The variance of the photocurrent is given by (7) where denotes the elementary charge. The first term on the right-hand side of (7) is the variance of the shot noise and the second term is the beat noise [17] . After applying the moment theorem of Gaussian processes and doing some algebra, the variance can be written as (8) The variance of the shot noise caused by the signal, ASE, and local oscillation is given by (9) The variance of the signal-ASE beating noise is given by (10) where denotes the real part. The variance of the ASE-ASE beating noise is given by (11) The variance of the local oscillation-ASE beating noise is given by (12) If the bandwidth of the optical filter is much wider than that of the electrical filter, , and the cyclostationary process is taken into account, (9)- (12) can be simplified as follows. The variance of the shot noise becomes (13) The variance of the signal-ASE beating noise becomes (14) The variance of the ASE-ASE beating noise becomes (15) The variance of the local oscillation-ASE beating noise becomes (16) The receiver electrical signal-to-noise ratio can be represented as the ratio of the photocurrent to the photocurrent variance: (17) This is the general equation that can be used for detection evaluation and noise analysis. If equates to , the system reduces to the case of optically preamplified coherent detection without the time-domain filter. If additionally equates to zero, equates to , and equates to one, the system becomes equivalent to regular coherent detection without an optical amplifier. From (13) to (16), we can see that the ASE power affects all the variances of detection signals of interest; therefore, a narrow optical bandpass filter can effectively improve the detection performance by reducing the ASE power. From the above equations, it is also clear that the smaller the duty cycle , the smaller the variance of the detection system.
III. THEORETICAL ANALYSIS OF DOUBLE-PASS FIBER OPTICAL PREAMPLIFIER
From the above noise analysis, we can see that ASE is an important issue in optical amplifiers. The ASE effect occurs concurrently with signal amplification and degrades the SNR. To reduce the ASE effect, achieve high gain and low noise figure, double-pass amplifier configurations have been experimentally investigated in [11] - [13] . In the double-pass amplifier, the signal propagates bidirectionally in the gain medium fiber, in which the amplification occurs twice. Compared to a single-pass amplifier, the double-pass has higher amplification efficiency, is more cost effective and is more flexible. In the small signal regime, considered in our work, experimental results in the existing literature have shown that the double-pass amplifier is clearly superior to the single-pass amplifier (see also [14] , [15] ). We use the rate equations derived in Desurvire's paper [18] to study the dynamic amplification for the double-pass configuration. The signal, ASE, and pump power propagating along the fiber can be written as (18) (19) In (18) and (19) , , , represents signal and ASE power, which is sliced into slots with arbitrary width centered at frequency . The sign corresponds to signal or ASE power propagating in the same direction as the pump while the sign indicates the direction opposite to the pump. represents the pump power. The symbol represents an equivalent input noise power (cf. [19] ). The symbols , represent absorption and gain coefficients, respectively.
The absorption and gain parameters of the Erbium doped single mode PM (polarization-maintaining) fiber used in this experiment were provided by the fiber manufacture. For simplicity, a trapezoidal shape of the Fiber Bragg Grating (FBG) with 1 nm bandwidth at 3 dB and 20 dB contrast ratio is used for the simulation. Fig. 4 shows the small signal gain with 30 dBm input power. The dashed line represents the forward small signal gain propagating along the gain medium fiber. The solid line represents the backward signal gain. Simulation results also show that the double-pass optical amplifier design can efficiently suppress ASE (see Fig. 5 ).
IV. EXPERIMENTS
A. Experimental Setup and Characterization
The optically preamplified coherent detection with time-domain filtering is investigated experimentally. The experimental setup is shown in Fig. 6 . A 20 mW distributed feedback (DFB) polarization-maintaining (PM) laser diode (JDS Uniphase) is used as the seed source. The linewidth is less than 1 MHz. The wavelength of the seed source is shifted by 500 MHz in the first-order output port of a polarization-maintained acousto-optic (AO) shifter (Brimrose). Two zero-chirp intensity Mach-Zehnders modulators (MZM) made by COVEGA are used in the experiments. One is the Mach-10 TM 004 integrated with a variable optical attenuator (VOA). This Mach-Zehnder is used to modulate the shifted laser beam and generate signal pulses. The other Mach-Zehnder, a Mach-10 056, is used for time-domain filtering. The unshifted CW laser from the zero-order output port of the AO shifter is used as a local oscillator connecting to the PM 3 dB mixer.
An analog modulator bias is used to supply the bias voltages on both modulators. The integrated VOA of the Mach-Zehnder of the Mach-10 TM 004 is adjusted by a DC power supplier. Both Mach-Zehnders have a 10 GHz bandwidth. DG535 digital delay/pulse generator made by Stanford Research Systems, Inc. is used to drive the first Mach-Zehnder to generate the signal pulses. The pulse generator is also used to synchronize the second pulse generator (Philips, PM5786B), which supplies the pulses on the second Mach-Zehnder. In order to simulate measuring the return signal, two external in-line PM VOAs are used to control the signal strength up to 60 dB variations. A 3 dB PM coupler is used to mix signal and local oscillation light. A PIN photodiode (Discovery Semiconductors, Inc.) is chosen to detect the mixed light. The photodiode has a 10 GHz bandwidth and the optical power linearity range can be up to 25 mW, which ensures that the 25 mW local oscillator optical power is still within the photodiode linear responsive range.
An RC circuit is used to filter out the DC component that is mainly contributed by the local oscillator. Two Mini Circuit ZFL-1000LN amplifiers are used to amplify the electrical signal passing through the RC filter. The amplifier has a 1 GHz bandwidth and a 2.9 dB noise figure. A 2.5 GHz Tektronix digital phosphor oscilloscope (TDS7254B) is used to do signal capturing and processing. A LabVIEW program was developed to control the oscilloscope. The program is integrated with special signal processing functions such as bandpass filtering, squaring, averaging, summing, and so on.
B. Optical Preamplifier
In accordance with our earlier simulation results on the Er doped fiber [10] , fibers of length 4, 5, 6, and 7.5 m were used in the experiment. For the single-pass amplifier, 7.5 m demonstrated the best performance, whereas the double-pass amplifier had the best performance with a 5 m gain medium fiber, which is one third shorter than the single-pass optimum length. A 100 GHz bandwidth and 20 dB contrast ratio PM FBG was specially designed for this experiment. By using this FBG and combining with a PM circulator, a reflector with 20 dB difference between in-band and out-of-band spectrum was successfully constructed. The return signal gain 20 dB refers to those out-of-band spectrum components only at the end of the gain medium fiber.
To achieve the maximum signal power, the input signal wavelength was tuned to the central wavelength of the FBG by changing the temperature of the seed laser diode. Fig. 7 shows the forward single-pass and backward double-pass spectra. The filtered signal and in-band ASE was 20 dB higher than the peak of any other wavelength of the ASE. The experimental and simulation results of the double-pass preamplifier matched well, as can be seen in Fig. 5 . To further reduce the backward ASE, another pair of FBG and circulator was used in the system as the bandpass filter (see Fig. 6 ). Although most of the ASE can be successfully removed by the optical bandpass filter and the narrowband reflector, the residual in-band ASE still remains. To reduce this residual ASE, the second MZM is used as a time-domain filter that is modulated by a Philips pulse generator synchronized with the first MZM. Fig. 8 shows the experimental results with time-domain filters and three duty cycles: 5%, 20%, and 100%. For the 5% and 20% duty cycle cases, the open time slots are 100 ns and 400 ns, respectively, for a 500 kHz repetition rate. For the 100% duty cycle case, the TDF is totally open. The average received power is 100 pW. The experimental results show that the difference from the signal peak to the pedestal was improved from 0.7 dB for CW to 1.5 dB and 4.25 dB for 20% and 5% duty cycles, respectively. Since the spectra in Fig. 8 were captured by an Optical Spectrum Analyzer (OSA), we have shown that the time-domain filter is a very efficient method to improve direct detection sensitivity. We note that the insertion loss introduced by the TDF is approximately 3.45 dB. However, the TDF does not appreciably affect the signal-to-noise ratio, since the same loss is applied to both the signal and the noise.
C. Coherent Detection Experiment
With the experimental setup in Fig. 6 , the preliminary experiment successfully demonstrated fiber-based heterodyne detection. The signal pulses are generated by the first MZM with pulse duration of 10 ns and a 500 kHz repetition rate. With the same detection system, we also evaluate the direct detection performance and find that the sensitivity of direct detection is over 20 dB less than that of coherent detection, even though the direct optical detection of on-off keyed signals is better, in principle, than that of heterodyne detection of these same signals. In practice, however, thermal noise, excess noise, and electronics background radiation seriously degrade the direct detection sensitivity. As discussed in [20] , a practical implementation of a direct detection system has performance at least 10 to 30 dB below the theoretical limit.
From (17), we can see that the received signal can be amplified by the local oscillation after two-beam mixing. If the local oscillation is strong enough, the shot noise caused by the local oscillation will dominate the noise field. According to this experimental condition, the local oscillator should be higher than 1 mW to overcome the Johnson noise. In our previous work [10] , by using a single-pass optical preamplifer, the lowest detectable power threshold of coherent detection achieved was 0.7 pW, corresponding to 11 photons within the 10 ns pulse width. For the double-pass preamplifier, the lowest detectable power was 0.5 pW, corresponding to 8 photons. We remark that in lidar applications, detector performance is evaluated in terms of the number of detectable photons, whereas in communication applications performance is typically evaluated in terms of bit error rate (cf. [1] ).
The experimental results of the detection performance with the different time-domain filtering windows are shown in Fig. 9 . The results, shown with solid square, diamond and circle markers, were obtained using a digital Hamming bandpass filter of bandwidth 200 MHz, centered at 500 MHz. As expected, the detection performance improves when the time-domain filter window is made more narrow. Compared with an open window, 100 ns or 5% duty cycle and 50% duty cycle time windows show 2 dB and 1 dB improvements, respectively, for a single shot process at 10 pW input power level. The shot noise limits in the theoretical analysis for the bandwidths of 200 MHz and 1 GHz are also given Fig. 9 as solid and short dashed curves, respectively. Both experimental and analytical results show that the redundant digital bandpass filter is very helpful in improving the detection performance.
In Fig. 9 , the best experimental results that are close to the shot noise were obtained using the 5% duty cycle time window at a bandwidth of 200 MHz. However, there is not a significant change when the time window is changed from 20% to 50% duty cycle at 1 GHz digital bandwidth. As mentioned before, a wider bandwidth of the digital bandpass filter results in stronger shot noise. In this case, the shot noise is the dominant noise source for the system. Besides, the ASE induced noise is limited, since only a small portion of the ASE passes through the narrow and strong optical bandpass filter. Only half of this ASE has the same polarization as the signal and local oscillation. Even in this half of the ASE, there is a small portion that has a coherent relationship with the signal and local oscillation.
Since all the measurements are very sensitive to the environment, multiple traces are averaged to evaluate the detection sensitivities. In addition, the slight changes in the polarization of the light can also introduce additional variations. Averaging multiple traces smoothes out the effects of the random noise to some extent. Meanwhile, the inherent jitter from the measurement equipment can also reduce the peak of the signal. Fig. 10 shows the SNR as a function of the duty cycle of the time-domain filter with 100 MHz and 200 MHz bandwidths with 10 pW average received power, corresponding to 156 photons. For the fixed repetition rate, the higher duty cycle results in a wider time window of the time-domain filter. Fig. 10 clearly shows that the time-domain filter is helpful in improving the coherent detection sensitivity, even though the improvement is not as noticeable as in the case of direct detection. The figure also shows that narrowing the bandwidth can improve the sensitivity significantly. However, when the bandwidth of the digital filter is wide enough such that shot noise becomes the dominant noise source, the detection sensitivity does not improve appreciably.
V. CONCLUSION
We demonstrated a novel fiber-based coherent detection system that uses a double-pass optical preamplifier, a bandpass filter and a time-domain filter to strengthen the received signal and reduce ASE effects. We described the basic concept and principle and derived related equations for this detection architecture. We presented simulation results for the low noise figure double-pass optical preamplifer. With a 100 GHz optical bandpass filter, we conducted experiments with different window sizes for the time-domain filter. We successfully demonstrated 2 dB and 1 dB SNR improvements with respect to open windows, i.e., 100% duty cycle with 100 ns and 1000 ns window size or 5% duty cycle and 50% duty cycle, respectively, using a digital bandpass filter with 200 MHz bandwidth. We also demonstrated that for a shot noise-dominated optically preamplified coherent system, the time-domain filter could not improve the detection performance significantly. When the ASE-induced noise is comparable to the shot noise, the time-domain filter substantially improves the performance of coherent detection.
The results presented in this paper show that the proposed system can significantly improve the performance of lidar applications. Besides lidar, the double-pass preamplified TDF coherent system could also be applied to digital communication systems. In this case, bit error rate (BER) measurements should be taken to evaluate the system performance.
